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Abstract: The serine/threonine-protein kinase, Akt1, plays an important part in mammalian
cell growth, proliferation, migration and angiogenesis, and becomes activated through
phosphorylation. To monitor phosphorylation of threonine 308 in Akt1, we developed a recombinant
phosphothreonine-binding domain (pTBD) that is highly selective for the Akt1 phosphopeptide.
A phage-display library of variants of the Forkhead-associated 1 (FHA1) domain of yeast
Rad53p was screened by affinity selection to the phosphopeptide, 301-KDGATMKpTFCGTPEY-315,
and yielded 12 binding clones. The strongest binders have equilibrium dissociation constants of
160–180 nanomolar and are phosphothreonine-specific in binding. The specificity of one Akt1-pTBD
was compared to commercially available polyclonal antibodies (pAbs) generated against the same
phosphopeptide. The Akt1-pTBD was either equal to or better than three pAbs in detecting the Akt1
pT308 phosphopeptide in ELISAs.

Keywords: affinity selection; alanine-scanning; Forkhead Associated (FHA) domain;
phosphopeptide; phage-display; surface plasmon resonance (SPR)

1. Introduction

The serine/threonine-protein kinase, Akt1, is responsible for regulating a range of biochemical
pathways involved in cell proliferation and survival. It contains an N-terminal pleckstrin homology
(PH) domain, a serine/threonine kinase catalytic domain, and a C-terminal regulatory domain [1,2].
Activation of Akt1 is dependent on recruitment of the protein, through its PH domain [3], to the
inner side of the plasma membrane, which causes a conformational change [4], allowing PDK1 to
phosphorylate threonine 308 (T308) in Akt1’s catalytic domain and mTORC2 to phosphorylate serine
473 (S473) in Akt1’s regulatory domain [5,6]. Once these two residues are phosphorylated, Akt1 is
fully active and phosphorylates a range of intracellular proteins involved in cell survival, growth,
proliferation, cell migration and angiogenesis [7].

Given the critical roles that Akt1 serves in the cell, biologists are extremely interested in
understanding its involvement in cancer. Mass spectrometry and phospho-specific antibodies have
been essential tools in pursuing this question by tracking Akt1’s phosphorylation state and levels
in cells and tissues [8,9]. Such methods have shown a strong link between the hyperactivation of
Akt1 through increased phosphorylation levels in breast, prostate [10], ovarian [11], and pancreatic
cancer [12]. Additionally, studying phosphorylation of specific residues within a protein can provide
valuable information as some diseases are marked by the excessive phosphorylation of only one
or a few of these residues. For example, the phosphorylation of T308, but not of S473, has been
characterized as a marker of lung cancer [13]. Thus, antibodies that recognize specific phosphorylated
residues as part of their epitopes serve as valuable diagnostic tools to distinguish between diseases
caused by Akt1 deregulation.
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Unfortunately, mass spectrometry is not well suited to monitoring protein phosphorylation at the
cytological level, and antibodies are often poorly validated, unsequenced, and not amenable to protein
engineering [14]. To circumvent these limitations, current efforts have been focused on generating
engineered protein scaffolds that recognize phosphoepitopes, such as the 10th fibronectin type III
domain (10FnIII) [15], designed ankyrin repeat proteins (DARPins) [16], the Src Homology 2 domain
(SH2) [17], single chain variable fragments (scFv) [18], antigen binding fragments (Fab) [19], and the
Forkhead-associated (FHA) domain [20]. Unlike other scaffolds and most antibodies, FHA domains
are selective for phosphothreonine (pT)-containing targets due to a pocket on the domain that
interacts with phosphate and γ-methyl group of phosphothreonine (pT) [21,22]. Because of this
unique characteristic, a phage library displaying FHA1 variants randomized at residues 82–84 in
the β4-β5 loop and residues 133–139 in the β10-β11 loop have been employed to generate affinity
reagents to a variety of targets [20,21,23]. Here, we describe the isolation and characterization of
Akt1 phosphothreonine 308 (pT308)-binding reagents. We show that these reagents are pT-dependent,
bind with high affinity, and recognize the phosphopeptide with comparable or better specificity than
commercially made antibodies.

2. Results and Discussion

Directed evolution of the FHA1 domain yielded variants that recognize an Akt1 phosphopeptide.
To generate recombinant affinity reagents that recognize Akt1-pT308, a peptide with

a phosphothreonine (pT) residue at position 308 in a 13-mer peptide (positions 302 to
314) was synthesized with a C-terminal biotin (Figure 1). A phage-display FHA library,
containing 2 × 109 members [20], was affinity selected with the Akt1-pT308 peptide. After three
rounds of affinity selection, 96 recovered clones were analyzed by ELISA and 12 were confirmed to
bind to the Akt1-pT308 peptide (Figure 2). None of the 12 binding clones demonstrated any binding to
the non-phosphorylated form of the 302–314 Akt1 peptide.

DNA sequencing of 12 selected FHA domains revealed that all were unique. A comparison
of their coding sequences demonstrated that many of them shared amino acid sequences in
the two regions that were randomized in the FHA domain scaffold (Figure 3A). The consensus
motif in the β4-β5 and β10-β11 loops determined by a WebLogo plot [24,25] is (S/A)Y(Y/R) and
(S/T)(P/A)x(R/I)(P/E)(S/D)(H/A), respectively (Figure 3B). We infer from this finding that the
semiconserved positions contribute to binding of the Akt1-pT308 peptide. Correlated with this
observation, clones E12 and H11 closely resemble the consensus sequence, and are the strongest
binders, whereas clones E1 and B3 are more diverged and are the weakest binders. Among the residues
shared most often among the binders is tyrosine at position 83, consistent with previous conclusions
that position 83 is extremely important for FHA domain interactions with their phosphopeptide
targets [23,26,27].
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Figure 1. Primary structure of the Akt1 protein. The kinase consists of an N-terminal pleckstrin
homology (PH) domain (blue), a serine/threonine kinase catalytic domain (yellow), and a C-terminal
regulatory domain (pink). The amino acid sequence from residues 301 to 314, including pT308,
was used in peptide form for affinity selection experiments.
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Figure 2. Affinity selection process and ELISA of 12 output clones. (A). An M13 bacteriophage library, 
displaying variants of a thermostable Forkhead-associated 1 (FHA1) H domain, was screened through 
three rounds (R1–R3) of affinity selection. During R3, excess phosphopeptide was added for off-rate 
competition, and recovered clones were examined for binding (B). Biotinylated Akt1-pT308 peptide 
was captured on a neutravidin-coated plate and probed with FHA variants that were detected by an 
M2-HRP conjugated antibody. Error bars represent standard deviation of triplicate measurements. 
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Figure 3. Amino acid sequence analysis of two loops randomized in the phage-displayed scaffold. (A) 
Primary sequences of the wild-type (WT) form of the scaffold and 12 variants that bind the Akt1 
phosphopeptide. Three and seven residues in the β4-β5 or β10-β11 loops, respectively, were 
randomized with NNK codons, where N is an equimolar mixture of A, C, G and T and K is an 
equimolar mixture of G and T. Residues that differ from the wild-type sequences are show in red. (B) 
WebLogo plots of the frequency of particular residues at each position (82–84 or 133–139). The height 
of a residue refers to probability of the residue at the given position. Hydrophobic, polar, and charged 
residues are shown in black, green, and blue, respectively. 

Figure 2. Affinity selection process and ELISA of 12 output clones. (A). An M13 bacteriophage library,
displaying variants of a thermostable Forkhead-associated 1 (FHA1) H domain, was screened through
three rounds (R1–R3) of affinity selection. During R3, excess phosphopeptide was added for off-rate
competition, and recovered clones were examined for binding (B). Biotinylated Akt1-pT308 peptide
was captured on a neutravidin-coated plate and probed with FHA variants that were detected by an
M2-HRP conjugated antibody. Error bars represent standard deviation of triplicate measurements.
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Figure 3. Amino acid sequence analysis of two loops randomized in the phage-displayed scaffold.
(A) Primary sequences of the wild-type (WT) form of the scaffold and 12 variants that bind the
Akt1 phosphopeptide. Three and seven residues in the β4-β5 or β10-β11 loops, respectively,
were randomized with NNK codons, where N is an equimolar mixture of A, C, G and T and K
is an equimolar mixture of G and T. Residues that differ from the wild-type sequences are show in
red. (B) WebLogo plots of the frequency of particular residues at each position (82–84 or 133–139).
The height of a residue refers to probability of the residue at the given position. Hydrophobic, polar,
and charged residues are shown in black, green, and blue, respectively.

Two of the affinity selected FHA domains bind the Akt1 phosphopeptide with high affinity.
To estimate the binding strength of the affinity selected FHA domain clones for the pT308 peptide,
we performed competition binding assays. Half maximal inhibitory concentration (IC50) values for
clones B3, E1, E12 and H11 were 100 µM, 1.95 µM, 45 nM and 90 nM, respectively. (Figure 4A).
These relative values correlated well with ELISA results: clone B3 was the weakest, clones E12 and H11
were the strongest binders, and clone E1 was an intermediate binder (Figure 4B). We then performed
surface plasmon resonance (SPR) for two clones, E12 and H11, and determined equilibrium dissociation
constants (KD) of 162 ± 12 nM and 178 ± 8 nM, respectively (Table 1). These clones are among the
tightest binders that we have isolated [18].
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Error bars represent standard deviation of triplicate measurements. (B) IC50 values for each clone to
the Akt1 phosphorylated peptide.

Table 1. Affinity measurements of FHA clone E12 and H11 to the phosphorylated (Akt1-pT308) and
unphosphorylated (Akt1-T308) peptides.

FHA Variant

E12 H11

Peptide Target Ka (M−1 s−1) Kd (s−1) KD (nM) Ka (M−1 s−1) Kd (s−1) KD (nM)
Akt1-pT308 4.830 × 104 7.821 × 10−3 162 ± 12 4.157 × 104 7.401 × 10−3 178 ± 8
Akt1-T308 2.302 2.144 × 10−3 9.31 × 105 2.165 1.0108 × 10−2 5.002 × 106

An isolated FHA variant recognizes the Akt1 phosphopeptide with unique specificity.
Due to its unexpected high affinity for its phosphopeptide ligand, we chose to evaluate clone

E12 further. The specificity of this FHA variant was examined by testing for binding to peptides that
substituted phosphothreonine (pT) in the phosphopeptide with phosphoserine (pS) or phosphotyrosine
(pY). As seen in Figure 5, E12 only binds the peptide when position 308 is pT. On the other hand,
three commercially-made polyclonal antibodies, which were generated against the same or a similar
Akt1 phosphopeptide, varied in their specificity. While one antibody (pAb 1) demonstrated a similar
level of selectivity as clone E12, another (pAb 2) lacked specificity, and a third did not bind any of the
peptides (data not shown).



Int. J. Mol. Sci. 2018, 19, 3305 5 of 10

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  5 of 10 

 

 
Figure 5. Binding of an Akt1-pTBD to a set of related peptides. A set of biotinylated phosphopeptides 
containing the Akt1 sequence were synthesized with threonine (Akt-T308), pS (Akt-pS308) or pY 
(Akt-pY308) substituted at the pT position and immobilized by neutravidin. Binding of the E12 
variant and two commercially produced polyclonal antibodies were determined by an ELISA. Error 
bars represent standard deviation of triplicate measurements. 

To learn about what residues in the peptide ligand contributed to binding to clone E12, we tested 
a set of alanine scanned phosphopeptides. Seven biotinylated peptides, with each position replaced 
one at a time by alanine, were captured in neutravidin-coated microtiter plate wells and probed 
separately with a pAb and clone E12 (Figure 6). The pAb bound most alanine-scanned peptides as 
well as or better than the wild-type sequence, except for alanine replacement at positions −3 and +2 
in the phosphopeptide sequence. (By convention the phosphorylated amino acid is defined as 0, and 
resides N-terminal and C-terminal to are are numbered − and +, respectively.). The pAb did not bind, 
however, to the non-phosphorylated peptide or to a peptide with alanines flanking the central pT 
position. Conversely, the E12 clone demonstrated very little or no binding to all of the test peptides. 
Additionally, it had a reduced ability to bind corresponding peptides from isoforms Akt2 or Akt3 
whose sequences differ by only one or two amino acids in positions not tested by the alanine scan 
(Figure 7). This was surprising since previous observations show that FHA domains recognize only 
a few nearby residues in addition to the central pT. In this case, though, it appears that many of the 
residues that flank the central pT in the Akt1 phosphopeptide contribute directly or indirectly to 
binding. Preliminary molecular dynamic studies of the peptide as well as the solved structure of 
activated Akt [28] suggest hairpin loops form on both sides of the pT residue, which could explain 
why so many of the adjacent residues are important directly or indirectly for the binding interaction. 
While further biophysical experiments are needed to dissect additional details regarding the peptide-
FHA domain interaction, the apparent contribution of multiple flanking residues to the interaction 
correlates with the unusually tight binding observed for the E12 variant and suggests further 
mutagenesis could increase its specificity for the Akt1 isoform. 

Figure 5. Binding of an Akt1-pTBD to a set of related peptides. A set of biotinylated phosphopeptides
containing the Akt1 sequence were synthesized with threonine (Akt-T308), pS (Akt-pS308) or pY
(Akt-pY308) substituted at the pT position and immobilized by neutravidin. Binding of the E12 variant
and two commercially produced polyclonal antibodies were determined by an ELISA. Error bars
represent standard deviation of triplicate measurements.

To learn about what residues in the peptide ligand contributed to binding to clone E12, we tested
a set of alanine scanned phosphopeptides. Seven biotinylated peptides, with each position replaced
one at a time by alanine, were captured in neutravidin-coated microtiter plate wells and probed
separately with a pAb and clone E12 (Figure 6). The pAb bound most alanine-scanned peptides as
well as or better than the wild-type sequence, except for alanine replacement at positions −3 and
+2 in the phosphopeptide sequence. (By convention the phosphorylated amino acid is defined as 0,
and resides N-terminal and C-terminal to are are numbered − and +, respectively.). The pAb did
not bind, however, to the non-phosphorylated peptide or to a peptide with alanines flanking the
central pT position. Conversely, the E12 clone demonstrated very little or no binding to all of the
test peptides. Additionally, it had a reduced ability to bind corresponding peptides from isoforms
Akt2 or Akt3 whose sequences differ by only one or two amino acids in positions not tested by the
alanine scan (Figure 7). This was surprising since previous observations show that FHA domains
recognize only a few nearby residues in addition to the central pT. In this case, though, it appears
that many of the residues that flank the central pT in the Akt1 phosphopeptide contribute directly
or indirectly to binding. Preliminary molecular dynamic studies of the peptide as well as the solved
structure of activated Akt [28] suggest hairpin loops form on both sides of the pT residue, which could
explain why so many of the adjacent residues are important directly or indirectly for the binding
interaction. While further biophysical experiments are needed to dissect additional details regarding
the peptide-FHA domain interaction, the apparent contribution of multiple flanking residues to the
interaction correlates with the unusually tight binding observed for the E12 variant and suggests
further mutagenesis could increase its specificity for the Akt1 isoform.
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Published results demonstrate that the three residues C-terminally adjacent to the pT residue, 
most notably the +3 residue, contribute significantly to FHA domain interactions with peptides 
[20,21,23,27]. While many of the 20 amino acids occur among phosphopeptide ligands for FHA 
domains, the Akt1 pT308 FHA variant is the first one observed to have glycine at the +3 position. 
Glycine’s small side group and conformational flexibility together may explain why it is not 
commonly positioned at protein-protein interfaces [29]. Thus, it seems likely that the pTBDs are 
compensating by interacting more strongly with the remaining peptide residues, and therefore, have 
a higher specificity and affinity for Akt1 peptide target than other reported FHA binding domains. 
Given this, clone E12 may serve as an attractive reagent for probing full length phosphorylated Akt1 
in western blots, fixed cells, or tissue sections. Such experiments will provide further insight into 
clone E12’s potential as a diagnostic reagent. 

Figure 6. Identification of important residues on the peptide by alanine scanning. Alanine (A) was
substituted one at a time at the −3, −2, −1, +1, +2, +3 and +4 positions of the Akt1 peptide sequence.
Binding of the E12 variant and a polyclonal antibody (pAb) to the wild type Akt1 peptide target was set
to 100%, and the phosphopeptide variants were normalized against it in an ELISA. Error bars represent
standard deviation of triplicate measurements.
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Figure 7. Binding of an Akt1-pTBD to corresponding peptides from Akt2 and Akt3. A set of
biotinylated phosphopeptides containing the Akt1 sequence, the Akt2 corresponding sequence
(SDGATMKpTFCGTPE) and the Akt3 corresponding sequence (TDAATMKpTFCGTPE) were
immobilized by neutravidin. Binding of the E12 variant and a commercially produced polyclonal
antibody (pAb) were determined by an ELISA. Error bars represent standard deviation of
triplicate measurements.

Published results demonstrate that the three residues C-terminally adjacent to the pT residue, most
notably the +3 residue, contribute significantly to FHA domain interactions with peptides [20,21,23,27].
While many of the 20 amino acids occur among phosphopeptide ligands for FHA domains, the Akt1
pT308 FHA variant is the first one observed to have glycine at the +3 position. Glycine’s small side
group and conformational flexibility together may explain why it is not commonly positioned at
protein-protein interfaces [29]. Thus, it seems likely that the pTBDs are compensating by interacting
more strongly with the remaining peptide residues, and therefore, have a higher specificity and
affinity for Akt1 peptide target than other reported FHA binding domains. Given this, clone E12 may
serve as an attractive reagent for probing full length phosphorylated Akt1 in western blots, fixed
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cells, or tissue sections. Such experiments will provide further insight into clone E12’s potential as a
diagnostic reagent.

3. Materials and Methods

3.1. Peptides

Peptides were synthesized at University of Illinois at Chicago’s Research Resource Center
with >90% purity. All peptides were biotinylated at their N-terminus and amidated at their
C-termini. A phosphopeptide corresponding to human Akt1 was KDGATMKpTFCGTPEY
(Akt1-pT308) used as the target in phage display affinity selection. In addition, a number of
related peptides were synthesized: KDGATMKTFCGTPEY (T308), KDGATMKpSFCGTPEY
(pT308pS), KDGATMKpYFCGTPEY (pT308pY), KDGATMKDFCGTPEY (pT308D),
and KDGATMKEFCGTPEY (pT308E), KDGAAMKpTACGTPEY (T305A), KDGATAKpTFCGTPEY
(M306A), KDGATMApTFCGTPEY (K307A), KDGATMKpTACGTPEY (F309A),
KDGATMKpTFAGTPEY (C310A), KDGATMKpTFCATPEY (G311A), KDGATMKpTFCGAPEY
(T312A), and KDGAAAAApTAAAAAPEY (Ala).

Polyclonal antibodies (pAbs) to the Akt1-pT308 peptide were purchased from Abcam
(Cambridge, UK), Cell Signaling Technology (Beverly, MA, USA), Millipore (Bedford, MA, USA)
and ThermoFisher Scientific (San Jose, CA, USA). The secondary reagent for Akt1-pTBD detection
was the anti-Flag epitope mAb, M2, conjugated to horseradish peroxidase (HRP), was purchased
from Sigma–Aldrich (St. Louis, MO, USA). The secondary reagent for the pAbs was a goat anti-rabbit
immunoglobulin G (IgG), conjugated to HRP (Abcam, Cambridge, UK).

3.2. Cloning and Bacterial Expression of Proteins

The phagemid DNA isolated from affinity selection against the Akt1-pT308 peptide were
subcloned into the pKP600∆III vector [30] and expressed and purified as described elsewhere [23].
Protein purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and protein concentrations were measured with a NanoDrop A280 spectrophotometer.

3.3. Affinity Selections

To isolate FHA variants, the FHA1G2 library [20] was screened against the Akt1-pT308 peptide
through three rounds of affinity selection using a modified version of a previously described
protocol [20]. All the selection steps were performed at room temperature with the KingFisher™ mL
device Purification System (ThermoFisher Scientific, Waltham, MA, USA). The biotinylated peptide
(3 ng/µL, 400 µL) was immobilized with Dynabeads™ M-270 Streptavidin (ThermoFisher Scientific,
Waltham, MA, USA) and blocked with 2% skim milk in phosphate buffered saline (PBS; 137 mM NaCl,
3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4). A ten-fold excess of the phage library containing
2 × 109 members was incubated with the blocked target for 1 h. Weak or non-binding phage variants
were removed by washing the mixture three times with PBS plus 0.1% Tween 20 (PBST) followed by
three times with PBS. Virions, which contain a trypsin-cleavable site in the helper M13 viral coat protein
III [31], were eluted from the beads with 40 µg of tosyl phenylalanyl chloromethyl ketone-treated
trypsin (Sigma-Aldrich, St. Louis, MO, USA ), diluted in 400 µL of 50 mM Tris-HCl (pH 8) and 1 mM
CaCl2 and used to infect 800 µL of Escherichia coli TG1 cells (at mid-logarithmic growth phase) for 1 h
at 37 ◦C. The cells were plated onto one 15 cm petri plates containing 2xYT medium (per liter 16 g
tryptone, 10 g yeast extract, 5 g NaCl), 1.4% agar and 0.5 µg/µL carbenicillin, incubated overnight
at 37 ◦C, scraped the next day, and phage amplified. Phage particles were precipitated with 24%
polyethylene glycol 8000, 3 M NaCl and the pellet was resuspended in 0.6 mL of PBS. and virions
concentrated 30-fold. The second and third rounds of affinity selection were performed in a similar
manner; however, the Akt1-pT308 peptide concentration for rounds two and three were reduced to
750 nM and 500 nM in 400 µL of PBS, respectively. Additionally, in the third round of affinity selection,
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a 10-fold excess of non-biotinylated Akt1-pT308 peptide was added during the wash steps. After
the third round of affinity selection, 96 individual clones were propagated as phage and used in an
ELISA to identify clones that bind to the peptide target. The DNA inserts of positive, binding clones
were sequenced.

3.4. ELISA

Biotinylated peptides diluted in PBS were incubated overnight in 0.5 mM DTT at 4 ◦C. ELISAs
were performed as previously described [21,23] using the peptide targets incubated with dithiothreitol
(DTT) at a concentration of 2.5 µM in 100 µL and FHA variants at concentrations varying from 0.01 to 10
µM in PBST. The absorbance was read at 405 nanometers (nm) at 10-min intervals, for a total of 40 min.
All experiments were performed in triplicate and repeated three times, to confirm reproducibility of
the data.

3.5. Surface Plasmon Resonance

The affinity of FHA variants E12 and H11 was measured using Biacore T200 following a protocol
described elsewhere [32]. The pT308 and T308 biotinylated peptides were diluted to 10 µM with PBS
followed by immobilization at each channel with 20 µL/min flow rate for 2 min on the streptavidin
(SA) sensor chip, which is coated with streptavidin. A blank channel, without anything immobilized,
served as a negative control. The analyte was added in a series of increasing concentration (0.01 to
5 µM) to all four channels at 25 µL/min flow rate for 180 s of dissociation time.

4. Conclusions

Herein, we demonstrate the directed evolution of the FHA domain to bind a phosphorylated
peptide that corresponds to a segment of the phosphorylated, oncoprotein, Akt1. The work represented
in this paper bolsters the utility of the recombinant FHA domain as pTBD that can serve as an
alternative to traditional antibodies for detecting phosphothreonine in peptide sequences. Among the
12 variants isolated from a phage-display FHA domain library, we discovered two that bind the Akt1
phosphopeptide, KDGATMKpTFCGTPEY, with 160–180 nM affinity. This is the strongest interaction
between a peptide target and pTBD isolated from our library to date.

While our FHA variants have yet to be employed as binding reagents against full length protein
targets, this FHA probe has the potential to detect phosphorylated Akt1 protein in vivo and/or
in vitro due to this high affinity. Thus, we have achieved an early milestone in our goal to replace
anti-phosphothreonine antibodies with engineered recombinant pTBDs. Further work to optimize
assay detection methods will prove this pTBD’s potential as a detection and diagnostic reagent.

Author Contributions: J.E.M., L.A.V., and H.L. conducted the experiments, J.E.M., L.A.V., and B.K.K. wrote the
manuscript, and J.E.M. managed the submission process.

Funding: This work was supported in part by a grant from the Chicago Biomedical Consortium (CBC), which
is supported from the Searle Funds at The Chicago Community Trust and the National Institutes of Health
(U54 DK093444).

Acknowledgments: We would like to thank Alex Zilinskas for performing preliminary molecular
dynamic simulations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, P.; Wang, Z.; Wei, W. Phosphorylation of Akt at the C-terminal tail triggers Akt Activation. Cell Cycle
2014, 13, 2162–2164. [CrossRef] [PubMed]

2. Manning, B.D.; Toker, A. AKT/PKB Signaling: Navigating the Network. Cell 2017, 169, 381–405. [CrossRef]
[PubMed]

http://dx.doi.org/10.4161/cc.29584
http://www.ncbi.nlm.nih.gov/pubmed/24933731
http://dx.doi.org/10.1016/j.cell.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28431241


Int. J. Mol. Sci. 2018, 19, 3305 9 of 10

3. Stephens, L.; Anderson, K.; Stokoe, D.; Erdjument-Bromage, H.; Painter, G.F.; Holmes, A.B.; Gaffeny, P.R.J.;
Reese, C.B.; McCormick, F.; Tempst, P.; et al. Protein kinase B kinases that mediate phosphatidylinositol
3,4,5-trisphosphate-dependent activation of protein kinase B. Science 1998, 279, 710–714. [CrossRef] [PubMed]

4. Huang, B.X.; Kim, H.Y. Interdomain conformational changes in Akt activation revealed by chemical
cross-linking and tandem mass spectrometry. Mol. Cell Proteom. 2006, 5, 1045–1053. [CrossRef] [PubMed]

5. Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the
rictor-mTOR complex. Science 2005, 307, 1098–1101. [CrossRef] [PubMed]

6. Alessi, D.R.; Andjelkovic, M.; Caudwell, B.; Cron, P.; Morrice, N.; Cohen, P.; Hemmings, B.A. Mechanism of
activation of protein kinase B by insulin and IGF-1. EMBO J. 1996, 15, 6541–6551. [CrossRef] [PubMed]

7. Manning, B.D.; Cantley, L.C. AKT/PKB Signaling: Navigating Downstream. Cell 2007, 129, 1261–1274.
[CrossRef] [PubMed]

8. Kuo, Y.C.; Huang, K.Y.; Yang, C.H.; Yang, Y.S.; Lee, W.Y.; Chiang, C.W. Regulation of phosphorylation
of Thr-308 of Akt, cell proliferation, and survival by the B55α regulatory subunit targeting of the protein
phosphatase 2A holoenzyme to Akt. J. Biol. Chem. 2008, 283, 1882–1892. [CrossRef] [PubMed]

9. Wang, F.; Zhang, W.; Guo, L.; Bao, W.; Jin, N.; Liu, R.; Liu, P.; Wang, Y.; Guo, Q.; Chen, B. Gambogic acid
suppresses hypoxia-induced hypoxia-inducible factor-1α/vascular endothelial growth factor expression via
inhibiting phosphatidylinositol 3-kinase/Akt/mammalian target protein of rapamycin pathway in multiple
myeloma cells. Cancer Sci. 2014, 105, 1063–1070. [CrossRef] [PubMed]

10. Nakatani, K.; Thompson, D.A.; Barthel, A.; Sakaue, H.; Liu, W.; Weigel, R.J.; Roth, R.A. Up-regulation of Akt3
in estrogen receptor-deficient breast cancers and androgen-independent prostate cancer lines. J. Biol. Chem.
1999, 274, 21528–21532. [CrossRef] [PubMed]

11. Yuan, Z.Q.; Sun, M.; Feldman, R.I.; Wang, G.; Ma, X.; Jiang, C.; Coppola, D.; Nicosia, S.V.; Cheng, J.Q.
Frequent activation of AKT2 and induction of apoptosis by inhibition of phosphoinositide-3-OH kinase/Akt
pathway in human ovarian cancer. Oncogene 2000, 19, 2324–2330. [CrossRef] [PubMed]

12. Altomare, D.A.; Tanno, S.; Rienzo, A.D.; Klein-Szanto, A.J.; Tanno, S.; Skele, K.L.; Hoffman, J.P.; Testa, J.R.
Frequent activation of AKT2 kinase in human pancreatic carcinomas. J. Cell. Biochem. 2002, 87, 470–476.
[CrossRef] [PubMed]

13. Vincent, E.E.; Elder, D.J.E.; Thomas, E.C.; Phillips, L.; Morgan, C.; Pawade, J.; Sohail, M.; May, M.T.;
Hetzel, M.R.; Tavare, J.M. Akt phosphorylation on Thr308 but not on Ser473 correlates with Akt protein
kinase activity in human non-small cell lung cancer. Br. J. Cancer 2011, 104, 1755–1761. [CrossRef] [PubMed]

14. Bradbury, A.; Pluckthun, A. Reproducibility: Standardize antibodies used in research. Nature 2015, 518,
27–29. [CrossRef] [PubMed]

15. Olson, C.A.; Liao, H.; Sun, R.; Roberts, R.W. mRNA display selection of a high-affinity, modification-specific
phospho-IκBα-binding fibronectin. ACS Chem. Biol. 2008, 3, 480–485. [CrossRef] [PubMed]

16. Kummer, L.; Paruzek, P.; Rube, P.; Millgramm, B.; Prinz, A.; Mittl, P.R.E.; Kaufholz, M.; Zimmermann, B.;
Herberg, F.W.; Pluckthun, A. Structural and functional analysis of phosphorylation specific binders of the
kinase ERK from designed ankyrin repeat protein libraries. Proc. Natl. Acad. Sci. USA 2012, 109, E2248–E2257.
[CrossRef] [PubMed]

17. Kaneko, T.; Kaneko, T.; Huang, H.; Cao, X.; Li, X.; Li, C.; Voss, C.; Sidhu, S.S.; Li, S.S.C. Superbinder SH2
domains act as antagonists of cell signaling. Sci. Signal 2012, 5, ra68. [CrossRef] [PubMed]

18. Vielemeyer, O.; Yuan, H.; Moutel, S.; Saint-Fort, R.; Tang, D.; Nizak, C.; Goud, B.; Wang, Y.; Perez, F.
Direct selection of monoclonal phosphospecific antibodies without prior phosphoamino acid mapping.
J. Biol. Chem. 2009, 284, 20791–20795. [CrossRef] [PubMed]

19. Shih, H.H.; Tu, C.; Cao, W.; Klein, A.; Ramsey, R.; Fennell, B.J.; Lambert, M.; Shuilleabhain, D.N.; Autin, B.;
Kouranova, E.; et al. An ultra-specific avian antibody to phosphorylated tau protein reveals a unique
mechanism for phosphoepitope recognition. J. Biol. Chem. 2012, 287, 44425–44434. [CrossRef] [PubMed]

20. Pershad, K.; Wypisniak, K.; Kay, B.K. Directed evolution of the forkhead-associated domain to generate
anti-phosphospecific reagents by phage-display. J. Mol. Biol. 2012, 424, 88–103. [CrossRef] [PubMed]

21. Venegas, L.A.; Pershad, K.; Bankole, O.; Shah, N.; Kay, B.K. A comparison of phosphospecific affinity reagents
reveals the utility of recombinant Forkhead-associated domains in recognizing phosphothreonine-containing
peptides. N. Biotechnol. 2016, 33, 537–543. [CrossRef] [PubMed]

22. Huang, Y.M.; Chang, C.E. Mechanism of PhosphoThreonine/Serine Recognition and Specificity for Modular
Domains from All-atom Molecular Dynamics. BMC Biophys. 2011, 4, 12. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.279.5351.710
http://www.ncbi.nlm.nih.gov/pubmed/9445477
http://dx.doi.org/10.1074/mcp.M600026-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16531397
http://dx.doi.org/10.1126/science.1106148
http://www.ncbi.nlm.nih.gov/pubmed/15718470
http://dx.doi.org/10.1002/j.1460-2075.1996.tb01045.x
http://www.ncbi.nlm.nih.gov/pubmed/8978681
http://dx.doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://dx.doi.org/10.1074/jbc.M709585200
http://www.ncbi.nlm.nih.gov/pubmed/18042541
http://dx.doi.org/10.1111/cas.12458
http://www.ncbi.nlm.nih.gov/pubmed/24890366
http://dx.doi.org/10.1074/jbc.274.31.21528
http://www.ncbi.nlm.nih.gov/pubmed/10419456
http://dx.doi.org/10.1038/sj.onc.1203598
http://www.ncbi.nlm.nih.gov/pubmed/10822383
http://dx.doi.org/10.1002/jcb.10287
http://www.ncbi.nlm.nih.gov/pubmed/14735903
http://dx.doi.org/10.1038/bjc.2011.132
http://www.ncbi.nlm.nih.gov/pubmed/21505451
http://dx.doi.org/10.1038/518027a
http://www.ncbi.nlm.nih.gov/pubmed/25652980
http://dx.doi.org/10.1021/cb800069c
http://www.ncbi.nlm.nih.gov/pubmed/18590330
http://dx.doi.org/10.1073/pnas.1205399109
http://www.ncbi.nlm.nih.gov/pubmed/22843676
http://dx.doi.org/10.1126/scisignal.2003021
http://www.ncbi.nlm.nih.gov/pubmed/23012655
http://dx.doi.org/10.1074/jbc.M109.008730
http://www.ncbi.nlm.nih.gov/pubmed/19473967
http://dx.doi.org/10.1074/jbc.M112.415935
http://www.ncbi.nlm.nih.gov/pubmed/23148212
http://dx.doi.org/10.1016/j.jmb.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22985966
http://dx.doi.org/10.1016/j.nbt.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26772725
http://dx.doi.org/10.1186/2046-1682-4-12
http://www.ncbi.nlm.nih.gov/pubmed/21612598


Int. J. Mol. Sci. 2018, 19, 3305 10 of 10

23. McGinnis, J.E.; Kay, B.K. Generation of recombinant affinity reagents against a two-phosphosite epitope of
ATF2. N Biotechnol. 2017, 45, 45–50. [CrossRef] [PubMed]

24. Crooks, G.E.; Hon, G.; Chandonia, J.M.; Brenner, S.E. WebLogo: A Sequence Logo Generator. Genome Res.
2004, 14, 1188–1190. [CrossRef] [PubMed]

25. Schneider, T.D.; Stephens, R.M. Sequence logos: A new way to display consensus sequences.
Nucleic Acids Res. 1990, 18, 6097–6100. [CrossRef] [PubMed]

26. Durocher, D.; Taylor, I.A.; Sarbassova, D.; Haire, L.F.; Westcott, S.L.; Jackson, S.P.; Smerdon, S.J.;
Yaffe, M.B. The molecular basis of FHA domain:phosphopeptide binding specificity and implications
for phospho-dependent signaling mechanisms. Mol. Cell 2000, 6, 1169–1182. [CrossRef]

27. Venegas, L.A.; Kall, S.L.; Bankole, O.; Lavie, A.; Kay, B.K. Generating a recombinant
phosphothreonine-binding domain for a phosphopeptide of the human transcription factor, c-Myc.
New Biotechnol. 2018, 45, 36–44. [CrossRef] [PubMed]

28. Yang, J.; Cron, P.; Good, V.M.; Thompson, V.; Hemmings, B.A.; Barford, D. Crystal structure of an activated
Akt/Protein Kinase B ternary complex with GSK3-peptide and AMP-PNP. Nat. Struct. Biol. 2002, 9, 940–944.
[CrossRef] [PubMed]

29. Peri, C.; Morra, G.; Colombo, G. Surface energetics and protein-protein interactions: Analysis and
mechanistic implications. Sci. Rep. 2016, 6, 24035. [CrossRef] [PubMed]

30. Pershad, K.; Sullivan, M.A.; Kay, B.K. Drop-out phagemid vector for switching from phage displayed affinity
reagents to expression formats. Anal. Biochem. 2011, 412, 210–216. [CrossRef] [PubMed]

31. Goletz, S.; Christensen, P.A.; Kristensen, P.; Blohm, D.; Tomlinson, I.; Winter, G.; Karsten, U. Selection of
large diversities of antiidiotypic antibody fragments by phage display. J. Mol. Biol. 2002, 315, 1087–1097.
[CrossRef] [PubMed]

32. Lee, H.; Yuan, C.; Hammet, A.; Mahajan, A.; Chen, E.S.W.; Wu, M.R.; Su, M.I.; Heierhorst, J.; Tsai, M.D.
Diphosphothreonine-specific interaction between an SQ/TQ cluster and an FHA domain in the Rad53-Dun1
kinase cascade. Mol. Cell 2008, 30, 767–778. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.nbt.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29107187
http://dx.doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://dx.doi.org/10.1093/nar/18.20.6097
http://www.ncbi.nlm.nih.gov/pubmed/2172928
http://dx.doi.org/10.1016/S1097-2765(00)00114-3
http://dx.doi.org/10.1016/j.nbt.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29763736
http://dx.doi.org/10.1038/nsb870
http://www.ncbi.nlm.nih.gov/pubmed/12434148
http://dx.doi.org/10.1038/srep24035
http://www.ncbi.nlm.nih.gov/pubmed/27050828
http://dx.doi.org/10.1016/j.ab.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21315061
http://dx.doi.org/10.1006/jmbi.2001.5314
http://www.ncbi.nlm.nih.gov/pubmed/11827478
http://dx.doi.org/10.1016/j.molcel.2008.05.013
http://www.ncbi.nlm.nih.gov/pubmed/18570878
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Peptides 
	Cloning and Bacterial Expression of Proteins 
	Affinity Selections 
	ELISA 
	Surface Plasmon Resonance 

	Conclusions 
	References

